Introduction
At present, the centrifugal pump has become a main technique for recycling liquid energy and is widely used in the important field including petroleum, chemical engineering and so on [1] [2] [3] [4] . To improve the recovery rate of energy, the centrifugal pump is gradually developing towards the direction of large power. However, flow-induced noises are one of key problems affecting its operation.
The noise of the centrifugal pump includes mechanical vibration noises and flow-induced noises. Currently, the probability of mechanical failure is very low due to precise mechanical design and processing. Therefore, mechanical noises are relatively low. Flow-induced noises are more complex [5] . Chu [6, 7] pointed out that interactions between the blade and separation tongue as well as non-uniform flow of impeller outlet were main reasons of local pressure pulsation and far-field noises, and noise peaks appeared when the wake hit the separation tongue. Byskov [8] studied the vibration and noises of a multistage centrifugal pump, and it was shown that the computed result of pressure pulsation under the design point and off-design points was consistent with that of the experiment. Parrondo [9] used CFD and vibration noise simulation technology to conduct on related studies on the flow-induced noise of the centrifugal pump. Results showed that the unsteady flow of the impeller and static-dynamic coupling effect of separation tongue had a great influence on flow-induced noises. Langthjem [10] conducted on numerical computation for the flow and sound field of 2D centrifugal pump, and results showed that unsteady pressure on the surface of the blade was the main reason for the internal noise of the centrifugal pump. Kato [11] studied turbulence-induced noises of the multistage centrifugal pump based on large-eddy simulation, and found that interaction between dynamic and static blades was the main source of noises. Huang [12] adopted large-eddy simulation and FW-H acoustic model to study the influence of long-short blades on the noise radiation of the centrifugal pump. Results showed that long-short blades could change the distribution of noises in the frequency domain. Jiang [13] combined CFD with the vibro-acoustic coupling method to conduct on numerical simulation of the hydrodynamic noise of the centrifugal pump. Results showed that coupling must be considered when the noise of the centrifugal pump was computed. However, most of the above studies were conducted from the perspective of numerical simulation and lacked experimental verification. Additionally, numerical simulation adopted 2D model which could not accurately reflect the detailed characteristics of the centrifugal pump.
This paper firstly adopts large-eddy simulation to compute the flow field characteristics of the centrifugal pump under four flow conditions. Then, the flow field result of the centrifugal pump and the mesh model of BEM are imported into Virtual.Lab to conduct on coupling computation and obtain the internal and external sound field of the centrifugal pump. Finally, the computational result is compared with that of the experiment for verification.
Geometric model and mesh of the centrifugal pump
The computational model is a single-stage and single-suction centrifugal pump. As shown in Fig. 1 , design parameters are as follows: flow 50 m 3 /h, pump head 34 m, rotating speed 2900 r/min, inlet diameter 75 mm, outlet diameter 174 mm, impeller outlet width 10 mm, number of blades 6, volute base diameter 184 mm, and volute base width 20 mm. When the numerical computation is conducted, the centrifugal pump should lengthen the outlet to ensure high computation accuracy. When the computational domain is divided into meshes, hexahedral meshes are adopted with considering the complex shape of the model. Meanwhile, boundary layer meshes [14] are adopted. The number of boundary layers is 5. Growth rate is 1.1. Total thickness is 0.0017 mm. Finally, the number of meshes is 1361334, meshes in inlet section are 115058, meshes in impellers are 582673 and meshes in outlet section are 135185. The mesh model of the computational domain and the impeller is shown in Fig. 2 
wherein, ( 1, 2, 3) represents the velocity component in parallel to the coordinate axis . is time. is the density. is the intensity of pressure. is the motion viscosity.
is the sub-grid scale stress tensor. is the source term generated from Coriolis force.
Through the eddy viscosity , the relationship between the sub-grid scale stress tensor and large-scale strain rate tensor is established as follows:
In the study, the wall-adapting local eddy-viscosity (WALE) model is applied to solve the eddy viscosity. A dimensionless coefficient is contained in this model, which is defined as follows:
wherein, Δ is the filter length, depending on the grid volume (Δ Δ Δ Δ ⁄ ), and model coefficient is chosen as 0.1.
Computational boundary conditions and results
The inlet of the centrifugal pump is set as static pressure and outlet is set as mass. In the computational domain, all surfaces adopt the condition of no-slip wall and roughness is set according to the actual accuracy. Turbulence model adopts -model. The value of is about 1. Scalable wall function is selected. Computational accuracy is 0.00001. To clearly distinguish the unsteady information of the internal flow field, time step is set as 1.1×10 -4 s. Namely, the impeller in every time step rotates about 1°. After the flow field presents a stable periodical change, the information of pressure pulsation of the impeller and shell surface starts to be exported. Finally, the pressure and velocity distribution of the centrifugal pump are shown in Fig. 3 and Fig. 4 respectively. As shown in Fig. 3 , larger pressure of the centrifugal pump mainly appears at the edge position of the impeller. Larger flow velocity and impact force are produced when fluid flows into the centrifugal pump and bears the inertia effect of high-speed revolution of the centrifugal pump, which leads to larger pressure in volute of the centrifugal pump. Fig. 4 shows the distribution of flow velocity at the impeller of the centrifugal pump, from which it can be seen that flow velocity at the center of the impeller is relatively small and flow velocity at the edge of the impeller is relatively large. Numerical computation of flow noises of the centrifugal pump adopts the method as shown in Fig. 7 and makes the coupling between flow field characteristics and structural meshes. Firstly, large-eddy simulation is applied to obtain the distribution of flow field characteristics of the centrifugal pump. Then, the natural modal of cover structure of the centrifugal pump is solved. Finally, the natural modal and flow field result are imported into Virtual.Lab. Meanwhile, ID of meshes and nodes are checked to avoid conflict. The result of flow field and structural modal is mapped to boundary element model so that boundary element model will obtain all characteristics of flow field and structural modal and realize vibro-acoustic coupling computation. When the boundary element model of the centrifugal pump is obtained, it is necessary to ensure each wave length of sound contains 6 elements at least. Otherwise, the computational result will be difficult to guarantee. The final boundary element model of the centrifugal pump is shown in Fig. 8(a) . The model contains 1209 elements and 1431 nodes. A field point mesh with the radius of 1m is established outside the centrifugal pump to receive the radiation noise of the centrifugal pump, as shown in Fig. 8(b) . 
Experimental verification of flow noises of the centrifugal pump
The measurement of external filed noises of the centrifugal pump is interfered by the motor noise, pipeline noises and background noises, resulting in a certain difficulty in the measurement accuracy. In order to verify the reliability of the numerical computation method, the noise signal within the centrifugal pump is measured by a ST70 hydrophone, whose frequency range is 50 kHz-70 kHz and sound pressure sensitivity of the receiver is -204 dB. Through the flush installation, a hydrophone is mounted directly on the wall. The sensor probe [18] [19] [20] [21] is flush with the wall surface around measurement points, thus measuring the fluid noise within the tube directly. And the measuring point of the hydrophone is located at the model pump outlet with 4 times of the pipe diameter.
The centrifugal energy performance curves at different impeller outlet widths are obtained experimentally as shown in Fig. 9 . It can be found that the pump head increases with the increase of the impeller outlet width, since the axial flow velocity is further reduced by the increasing width, thus improving the theoretical head of the pump. With the increase of impeller outlet width, the efficiency curve has larger range of high efficiency area. The efficiency has been improved and the maximum efficiency point shifts to the large flow. In addition, pump head and efficiency have a large change range when impeller outlet width increases from 8 mm to 10 mm. Pump head and efficiency have a decreased change range when impeller outlet width continues to increase. BEM is adopted to compute the internal sound field and external radiation noises of the centrifugal pump. The medium is water, density is 1000 kg/m 3 , acoustic wave propagation velocity is 1500 m/s, and reference sound pressure is 1×10 -6 Pa. The experimental and computational results of the flow-induced noise regarding the model pump with the impeller outlet width of 10 mm are compared as shown in Fig. 10 . At 1000 Hz in the figure, the experimental value is 138 dB, and BEM value is 132 dB, with the error of 4.3 %. Therefore, the experimental value has a good consistency with the computational value. The contour of sound pressure within the centrifugal pump and the contour of sound field outside the centrifugal pump are extracted and shown in Fig. 11 . As shown in Fig. 11(a) , the inner impeller of the centrifugal pump has relatively large sound pressure at the edge and smaller sound pressure at the center, which is consistent with the flow field distribution in Fig. 3 and Fig. 4 . The impeller of the centrifugal pump has larger flow velocity and pressure fluctuation at the edge, resulting in relatively serious radiation noises. As shown in Fig. 11(b) , the largest far-field radiation noise of the centrifugal pump is at the position directly facing the outlet of the centrifugal pump and radiation noises in other places are relatively weak. 
Influence of impeller outlet width on the sound field of the centrifugal pump
From the above analysis, it can be seen that BEM can effectively predict the internal and external sound field of the centrifugal pump. BEM is adopted to compute the radiation noise of the centrifugal pump under different impeller outlet widths and flows. SPL at 500 Hz is exacted and shown in Table 1 .
As can be seen from Table 1 , in 1.0 , 1.2 and 1.4 , the radiation sound power of the centrifugal pump at 500 Hz is increased with the increasing impeller outlet width . and the acoustic power increase firstly and then decrease with the increasing impeller outlet In 0.8 , which may be because CFD cannot accurately compute the volute force due to the complex flow field within the small flow condition. In general, the sound power of the centrifugal increases with the increase of the impeller outlet width . The model pump with the impeller outlet width of 12 mm has much greater sound power in 1 A clear directivity is in the propagation of sound. Corresponding to the sound source, different spatial points have different positions and directions, so the noise spectrums are also different. In order to obtain the circumferential distribution of the pump SPL, 36 monitor points are set at the out of the cover, which are 1000 mm away from the impeller rotation axis. The angle between any two monitor points is 10°. Noise directivity distribution of monitor points at characteristic frequency for different impeller outlet widths is shown in Fig. 12 .
As shown in Fig. 12(a) , in 0.8 , SPL increases by 25 % with the increase of impeller outlet width from 8 mm to 10 mm; SPL has a larger change range with the increase of impeller outlet width from 10 mm to 12 mm, and increases 35 % compared with that when impeller outlet width is 10 mm; SPL increases by 17 % when impeller outlet width continues to increase to 14 mm. In as shown in Fig. 12(b) , SPL increases by 20 % with the increase of impeller outlet width from 8 mm to 10 mm; when impeller outlet width increases from 10 mm to 12 mm, SPL increases by about 25 %; when impeller outlet width continues to increase to 14 mm, noise SPL increases by 13 %. In 1.2 as shown in Fig. 12(c) , SPL increases by 18 % with the increase of impeller outlet width from 8 mm to 10 mm; SPL increases by 20 % with the increase of impeller outlet width from 10 mm to 12 mm; SPL increases by 11 % with the increase of impeller outlet width from 12 mm to 14 mm. In 1.41 as shown in Fig. 12(d) , SPL increases by 14 % with the increase of impeller outlet width from 8 mm to 10 mm; SPL increases by 22 % with the increase of impeller outlet width from 10 mm to 12 mm; SPL increases by 10 % with the increase of impeller outlet width from 12 mm to 14 mm. As shown from the above analysis, SPL increases progressively with the increase of impeller outlet width when impeller outlet width is less than 12 mm. However, SPL decreases progressively with the increase of impeller outlet width when impeller outlet width is more than 12 mm. On one hand, the secondary flow vortex on the volute can be eliminated by the increase of the impeller outlet width, but reflux can be caused by the excessive impeller outlet width, thus increasing the static and dynamic interference effect of the impeller and volute. On the other hand, the impeller outlet width plays a significant impact on the efflux/wake phenomenon at the impeller outlet, and the wake area also enlarges with the increase of the outlet width [22] [23] [24] . Therefore, impeller outlet width has a certain range with the increase of the impeller outlet width, the pressure pulsation generated from the static and dynamic interference within the pump also strengthens, resulting in the increased noises. Fig. 9 , it can be seen that: the pump energy performance is optimal and pump noise is maximum at the impeller outlet width of 14 mm, while the pump noise SPL is minimum and energy performance is poorer at the width of 14 mm. The pump energy performance is of little difference at the width of 10 mm and 14 mm, but the pump SPL is significantly smaller at the width of 10 mm. Compared with that at the width of 8 mm and 10 mm, the latter noise has smaller increasing amplitude but better energy performance than the former. As shown from the above analysis, a suitable range is presented in the impeller outlet width, so as to not only ensure the utility requirements of pump performance, but make the external field noise SPL be smaller under each flow condition. Regarding four impellers, it can be drawn from the comprehensive consideration of the centrifugal pump performance and noises that the centrifugal pump has an optimal comprehensive performance at the impeller outlet width of 10 mm.
When flow is 1.0 , the contours of far-field radiation noises and surface sound pressure of the centrifugal pump under different impeller widths are exacted and shown in Fig. 13 and Fig. 14 , respectively. As shown in Fig. 13 , the far-field radiation noise of the centrifugal pump increases to some degree with the increase of impeller outlet width, especially at the outlet of the centrifugal pump. As can be seen from Fig. 14 , relatively large noise SPL always appears at the edge of the impeller when the outlet width of the centrifugal pump is from 8 mm to 12 mm, while the largest noise is at the center of the impeller when impeller outlet width is 14 mm. In addition, the contour of noises within the centrifugal pump does not show significant changes when impeller outlet width increases from 8 mm to 10 mm. With the increase of impeller outlet width from 10 mm to 12 mm, noises at the edge and outer surface of the impeller increase slightly. When impeller outlet width increases to 14 mm, noise distribution presents significant changes. The maximum noise SPL has shifted from the edge of the impeller to its center. From the above analysis, it shows that impeller outlet width has a serious impact on the radiation noise in the external field of the centrifugal pump and the internal noise of the centrifugal pump. Therefore, it is necessary to comprehensively consider many factors and confirm an optimal impeller outlet width when the centrifugal pump is designed. 
Conclusions
LES is combined with BEM to compute and analyze the influence of impeller outlet width on the interior and external noise of the centrifugal pump, and the following conclusions can be obtained.
1) Larger pressure and flow velocity of the centrifugal pump mainly are at the edge of the impeller. When the fluid flows from the centrifugal pump, there are two obvious separation vortexes at the outlet of the centrifugal pump. The flow velocity distribution of the centrifugal pump in the horizontal plane is basically symmetric.
2) BEM is adopted to numerically compute the noise of the centrifugal pump and compared with the experimental result. According to results, their change trends are basically same and the maximum error is only 4.3 %, indicating that the computational model of flow noises of the centrifugal pump in this paper is reliable.
3) Under the same flow condition, SPL of the centrifugal pump at the characteristic frequency increases with the increase of impeller outlet width. Under the same outlet width, SPL of the centrifugal pump under is much greater than that under other flow conditions. 4) Impeller outlet width of the centrifugal pump has a serious impact on the sound field of the centrifugal pump. However, impeller outlet width of the centrifugal pump has a suitable value, which leads to smaller far-field radiation noise and surface SPL under various flow conditions. The centrifugal pump has the optimal comprehensive performance when impeller outlet width of the centrifugal pump studied in this paper is 10 mm.
